A transgene mapping technique (Noguchi et al., Exp. Anim. 53:103-111, 2004) is described that can be used to analyze transgene integration patterns in transgenic mice. The technique was used to reveal that a transgenic mouse line (GM1-sy#116) harbored inverted and direct tandem repeats of both intact and partial pCAGGS-based transgenes in the G2 region of chromosome 1. This complicated concatenation of transgenes may have been caused by simple end-joining of DNA constructs fragmented by exposure to UV transillumination during gel-purification, and by nuclease digestion inside zygote pronuclei.
Simple and accurate genotyping methods, especially those designed to assess zygosity, are necessary for the efficient use and management of transgenic laboratory animals. In a previous report, we described a simple and efficient method for genetic mapping and zygosity analysis of transgenes [12] . Sequences flanking the trangenes are determined using genomic walking, which allows the transgene insertion sites in chromosomes to be located by searching a genome database. In addition, flanking primers can be designed to assess the zygosity of the transgene loci in transgenic animals using PCR [10] . Here, we report that the genomic walking technique can be used to determine the transgene insertion pattern, as well as the flanking sequences, and we discuss the mechanism of transgene integration into chromosomes.
We used a transgenic mouse line, GM1-sy#116, with a C57BL/6JJmsSlc background, which was produced in our laboratory by zygote microinjection of transgene constructs based on a pCAGGS plasmid [11] . The constructs ( Fig. 1A) consisted of fragments generated from the SalI-HindIII site of plasmid pCAGGS, which contains a ganglioside GM1 synthase cDNA [5] cloned in our laboratory from C57BL/6J genomic DNA. All ani-mal experiments were performed according to the Guides for Animal Experiments Performed at the NIID.
The sequences around the transgenes were determined by genomic walking using the method described previously [12] , but with different transgene-specific primers, R493 (CCG CCC CCA TCG CTG CAC AAA ATA AT) and R401 (GTG GGG CTC ACC TCG ACC CAT GGT AAT). Some of the PCR amplicons (bands a-g in Fig. 1B ) were gel-purified and sequenced directly using a DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Biosciences, Piscataway, NJ, USA) with a DNA sequencer (RISA384, Shimadzu Biotech, Kyoto, Japan). The transgene insertion sites in the chromosomes were determined by BLAST search in the Ensembl genome database [9] of the sequences flanking the transgene (Fig. 1C ). Searches were conducted over the Internet (http://www.ensembl.org), and were based on the mouse genome assembly NCBI build m33 ( Fig. 1D ).
Sequences of both transgene-genomic junctions were confirmed by PCR analyses using the flanking primer method. Two flanking primers, designated S412 (CAT GGT ATG GGA TTA CCT GTT TTC AGA) and R677 (CCC GGG CCC CAC ACT CAG AAC CTC TCT; Fig. 2A ), were designed with the Primer3 program [15] , using the flanking sequence around the transgene retrieved from the Ensembl database. A primer for the 3'-tail of the construct was also designed (pCAG-S2238; CCC TCT TCT CTT ATG AAG ATC CCT CGA CCT). PCR product formation was checked by PCR with tail DNA from transgenic mice and three combinations of primers ( Fig. 2B ): pCAG-S2238 only; pCAG-S2238 and S412; and pCAGGS-S2238 and R677. The zygosities of homozygous transgenic, hemizygous transgenic, and non-transgenic animals were determined by PCR of their tail DNA, the flanking primers, and pCAG-S2238 ( Fig.  2C ). Both PCR analyses were done under the following thermal conditions: 95°C for 15 min, followed by 30 cycles of 94°C for 5 s, 60°C for 5 s, and 72°C for 30 s. All PCR amplifications, including the genomic walking analysis, were conducted using a hot-start DNA Our method allowed the overall configuration of both ends of the transgene insert to be determined ( Fig. 2A) . One of the PCR bands (band f in Fig. 1B) , which was approximately 1.5 kbp in length, contained about 500 bp of genome sequence flanking the transgene (Fig.  1C) . A BLAST search of the sequence in the Ensembl database indicated that the transgene was inserted in the G2 region of chromosome 1 (Fig. 1D) . The pres-ence of an SspI restriction site in the genome sequence flanking the transgene was confirmed by the sequence around the transgene, which was retrieved from the database (data not shown). The full sequence of band f indicates the complicated insertion of constructs in the genome: one side of the genome faced the 3'-tail of a vector construct, and the construct was truncated at the middle of the inserted cDNA. Next to the truncated construct, direct repeats of the transgenes containing a short fragment of the 3'-tail of the construct were inversely concatenated and stretched at least to the position where the nested transgene-specific primer annealed. The structure of the other genome-transgene junction was revealed by PCR using three sets of flanking primers (Fig. 2B) . No amplicons were produced by PCR with pCAG-S2238 only ( Fig. 2B-1) , indicating the absence of tail-to-tail junction of transgenes as well as no formation of non-specific products by pCAG-S2238. The second set of primers (S412 and pCAG-S2238) confirmed one genome-transgene junction and showed a 182-bp band, as expected ( Fig. 2B-2) . The third set of primers (R677 and pCAG-S2238) showed a band of approximately 140 bp (Fig. 2B-3) , which came from the other genome-transgene junctions. Direct sequencing confirmed that the band, which turned out to be 137 bp in length, was derived from the junction. Therefore, the 3'-tails of the transgenes were connected at both genome-transgene junctions. Although the full internal structure of the insert could not be identified by genomic walking, this is an example of irregular head-to-head type transgene-transgene junction, as described previously [12] . The zygosity was accurately determined using all three primers (Fig. 2C) .
The mechanism of transgenesis is not fully understood, even though many kinds of transgenic animals have been produced (reviewed by e.g., [2] ). Nevertheless, transgenesis seems to be accomplished in two steps: extrachromosomal concatenation of vector constructs, followed by integration into chromosomes [3] . Broad variation has been found at transgene-transgene and transgene-genome junctions in concatemers, such as deletions [7, 14] , duplications [16] , translocations of chromosomal DNA at the integration site [6, 13] , and even insertions of sequences of unknown origin [16] . In our study, both types of junctions had approximately 10-base deletions, which may have been caused by socalled end-nibbling [14] . As Hamada et al. [7] discussed, the presence of nibbling at each junction suggests that linear concatemers were preferentially involved in the integration of the transgene into genomic DNA. Bishop [3] proposed a model in which concatemers are created by homologous recombination of circularly permuted linear molecules, which may explain the preferential formation of direct, rather than inverted, tandem repeats. In our case, however, it is more likely that concatemers of mixed orientation were formed by a simple random end-joining of DNA constructs, some of which had been fragmented before concatenation. While the fragmentation of DNA constructs can occur enzymatically inside zygote pronuclei, we suspect that the exposure to UV transillumination during gel-purification of our vector constructs was the most probable cause, because it has been shown that even a short period of transillumination induces serious DNA damage and profoundly reduces transformation frequencies [8] . Our results suggest that care should be taken to avoid unwanted fragmentation during the preparation of vector constructs.
Our results indicate that Bishop's model should be re-evaluated using a wide collection of transgenic patterns because of discrepancies with the fit of this model. In addition to events at transgene integration, attention should be paid to the possible involvement of the effect of transgene integration patterns on embryonic viability and modifications that occur after transgene integration, which are not accounted for by Bishop's model. If concatemer orientation affects embryonic viability, an embryo with direct (head-to-tail) tandem repeats of the transgene may be more viable than an embryo with inverted (head-to-head, tail-to-tail) tandem repeats. It is possible that inverted repeats that are integrated into the embryonic chromosome may be removed by palindrome deletion mechanisms [1] ; if so, genomes of non-transgenic organisms may have transgene remnants (small fragments). Although difficult (≤ 20% of transformed embryos reach birth [4] ), further analysis of transgenic organisms would test the validity of this hypothesis.
Our results demonstrate the usefulness of the genomic walking technique to determine both the structure of transgenes and their flanking sequences. Together with gene expression assays, this technique should provide a powerful tool for revealing relationships between insertion pattern and expression efficiency of transgenes.
